α-Fe 2 O 3 and α-Cr 2 O 3 has been mechanical alloyed to prepare Fe 1-x Cr x O 3 oxides for x = 0.2-0.8. Synchrotron X-ray diffraction and Raman spectra have shown inhomogeneous structure of α-Fe 2 O 3 and α-Cr 2 O 3 phases in as-alloyed samples. The as-alloyed samples have shown soft ferromagnetic properties with signature of two Morin transitions. The heat treatment of as-alloyed samples has homogenized structure and successfully incorporated the Cr atoms into the lattice sites of Fe atoms in α-Fe 2 O 3 . The magnetic and electrical properties have been modified in the heat treated samples. For example, canted antiferromagnetic order has been appeared as an effect of heat treatment, irrespective of the Cr content in Fe 1-x Cr x O 3 . The magnetic field induced spin flop transition has been observed at a critical magnetic field that depends on Cr content in the system. The Mössbauer spectrum at room temperature has been fitted with two sextets. The variation of Mössbauer parameters suggest a distribution of magnetic spin order between Fe and Cr ions in the rhombohedral structure of Fe 1-x Cr x O 3 . The electrical conductivity, derived from current-voltage characteristics of the heat treated samples, has been enhanced by increasing Cr content in -Fe 2 O 3 structure. The experimental results have been explained based on the theoretical models available in literature. 2 The solid solution of -Fe 2 O 3 and α-Cr 2 O 3 oxides has drawn a lot of theoretical and experimental interest for the development of new magnetic semiconductor oxides with novel magnetic, electronic, optical, and magneto-electronic properties [1-5]. The -Cr 2 O 3 (chromia) and -Fe 2 O 3 (hematite) are isomorphs of corundum structured (space group R3 ) -A1 2 O 3 (alumina). The metal ions are located at either slightly above or below of the rhombohedral planes. The metal ions (Fe 3+ /Cr 3+ ) randomly occupy Al 3+ sites in corundum (rhombohedral) structure and alternating layers of metal ions are separated by the layers of oxygen (O 2-) ions along c (001)-axis [6-8]. Despite identical lattice structure, magnetic structure in α-Fe 2 O 3 and Cr 2 O 3 is different. α-Fe 2 O 3 is a typical canted antiferromagnet (CAFM) in the temperature range 960 K (Neel temperature T N ) to Morin transition (a first-order magnetic transition) at T M ~ 260 K, below which bulk α-Fe 2 O 3 behaves as uniaxial antiferromagnet AFM [1]. In the CAFM state, spin moment of Fe 3+ ions form in-plane ferromagnetic (FM) order and interplanes antiferromagnetic (AFM) order with small canting due to anisotropic Dzyaloshinskii-Moriya interactions. Below T M , the spins in bulk α-Fe 2 O 3 are oriented along (001) axis (out of plane). The magnetic properties of bulk Cr 2 O 3 are significantly different, where magnetic
angle dispersive x-ray diffraction (ADXRD) beam line (BL-12) at Indus-2 synchrotron source, RRCAT, India using an image plate (MAR 345) area detector. The wave length ( = 0.79923 Å) and the sample to detector distance were accurately calibrated by performing XRD on LaB 6 NIST standard using same set up. Raman spectra of the samples were recorded in the wave number range 100-1000 cm -1 using microscope (Renishaw, UK). The dc magnetization in the temperature range 10-350 K was measured using physical properties measurement system (PPMS-EC2, Quantum Design, USA).The temperature dependence of magnetization (M (T)) curves were measured following conventional zero field cooled (ZFC) and field cooled (FC) modes. In ZFC mode, the sample was cooled in the absence of external magnetic field from room temperature (~ 300 K) to 10 K and MZFC(T) curve was recorded in the presence of an applied magnetic field during increase of the sample temperature up to 350 K. After reaching the temperature at 350 K, the sample was field cooled (using same field as used in MZFC(T) measurement) down to 10 K and MFC(T) curve was recorded during increase of the sample temperature up to 350 K. The magnetic field dependent magnetization (M(H)) curves were recorded within field range of 0 to ± 70 kOe. 57 Fe Mössbauer measurements were carried out in transmission mode with a 57 Co (Rh matrix) radio-active source in constant acceleration mode using a standard PC-based spectrometer.
The spectrometer was calibrated with natural Fe foil at room temperature. The Mössbauer spectra were analysed with NORMOS-DIST/SITE program for the estimation of spectral parameters. The High Resistance Meter (Keithley 6517B) was used to study the current vs. voltage (I-V) characteristics of the samples at room temperature. This meter provides a precise voltage and current sourcing and measurements for high resistive materials. The I-V characteristics were measured by sandwiching the disc shaped ( 10-12 mm, thickness 0.5-1.2 mm) samples between Pt electrodes using a home-made sample holder to make a Pt/M/Pt structure (M: material). The bias voltage was swept within 200 V with step size 1 V. 5 3. Results and discussion 3.1 Structural properties Fig.1 shows SXRD patterns of the as-alloyed (without post heat treatment) samples.
The patterns are consistent to rhombohedral (corundum) structure and splitting of the peaks shows incomplete alloying of the α-Fe 2 O 3 and α-Cr 2 O 3 phases. The peak component at higher 2θ corresponds at α-Cr 2 O 3 phase (smaller lattice constant) and peak component at lower 2θ corresponds to α-Fe 2 O 3 phase (higher lattice constant) [4] . The decrease of peak intensity for α-Fe 2 O 3 phase is accompanying with an increasing peak intensity of α-Cr 2 where metal (Fe/Cr) and O atom occupy the positions (0, 0, z M ) and (x O , 0, ), respectively [13] . The structural refinement started with initial parameters values Z M = 0.35 and X O = 0.31. Table 1 and Table 2 show the fit parameters (atomic positions, cell parameters, crystallite size and phase fraction) for the as-alloyed and (1000 0 C) heat treated samples, respectively. The positional parameters have shown a considerable change on increasing the Cr content (x) in the Fe 1-x Cr x O 3 system. The Z Fe (for Fe atoms) and Z Cr (for Cr atoms) values are found smaller than the value 0.35498 used for pure α-Fe 2 O 3 [13] . For as-alloyed samples, Z Cr increasing the Cr content in the system. This is consistent to the substitution of Fe 3+ ions with larger ionic radius (0.645 Å) by Cr 3+ ions with smaller ionic radius (0.615 Å) [6, [14] [15] . The c/a ratio lie in the range of Ga doped α-Fe 2 O 3 system [16] . The X O also decreased, except a noticeable reduction for the composition x = 0.5. This is related to structural disorder due to composition variation [17] [18] . Crystalline size ( 30-35 nm) of the heat treated samples was calculated using Debye-Scherrer formula). It is not much composition dependent for the samples with identical heat treatment. The extra phase ( marked) in as-alloyed samples appeared due to non-reacted Cr 2 O 3 phase [19] . The absence of any extra phase for A10 samples confirms a complete solid solution of Cr 2 O 3 and α-Fe 2 O 3 phases [20] [21] . Raman spectra of A10 samples with six phonon modes (one A 1g mode, four E g modes and one Raman inactive E u mode) suggest rhombohedral structured Cr doped α-Fe 2 O 3 system [5] . Table 3 shows the band positions in A10 samples.
An additional peak at 665-670 cm -1 in the spectra of Fe 1-x Cr x O 3 samples with respect to the spectrum of α-Fe 2 O 3 [20] and α-Cr 2 O 3 [22] suggest a modified spin-lattice structure. The band (peak) position (within simple harmonic approximation) obeys the equation v = .
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The peak position( v) in Raman spectrum depends the spring constant (k M-O ) of metal-oxygen bond (M-O) with length r and μ is effective mass. The spring constant (k M-O ), being second order derivative of the coulomb potential (V(r MO )), is proportion to . The bond length (r M-O ) is expected to be less by doping of Cr 3+ ions and supported from the decrease of cell parameters. Hence, spring constant (k M-O ) is expected to increase with the increase of Cr content and it is to reflect in band shift. However, Table 3 shows shift of the band positions to lower values, except the E g (5) band whose position increases on increasing Cr content. The bands carry information about its internal structural changes. Especially the band position at lower frequencies (E g (1), E g (3), E g (4)) represent symmetric stretching of O atoms relative to metal (M) atoms in the in-planes and the A 1g band correlates the movement of cations along out of plane direction of the Rhombohedral structure [5, 16] . The IR-active Eu(LO) band is theoretically forbidden. It reflects local lattice disorder and internal strain in the system. The trend with the increase of measurement temperature from 10 K to 300 K. This behaviour is in contrast to the increase of H C (Fig. 10(c) ) and M R ( Fig. 10(d) ) in A10 samples on increasing the measurement temperature (10 K -300 K). However, H C and M R both decreased with the increase of Cr content in A10 samples. This indicates an increasing AFM spin order in the Cr doped hematite system. At the same time, FM component increases in the CAFM state as the measurement temperature increases from 10 K to 300 K and above. It can be understood from the variation of spontaneous magnetization (M S ) in FeCr2MA10 and FeCr4MA10 samples ( Fig. 10(e) ), where a competitive magnetic spin order between the low temperature surface spin order and high temperature CAFM spin order is observed in the temperature range 100
K-150 K. The spin flop field (H sf ), an important parameter for changing magnetic spin order from low magnetic state (AFM) to high magnetic state (CAFM), varied on the variation of both Cr content and measurement temperature of the A10 samples ( Fig. 10(f) ). The H sf at 10 [20, 37] . The structural heterogeneity may also arise due to core-shell type spin structure in nano-crystallites particles [25, 29] . structure. It will be understood using electrical conductivity of the samples.
Electrical conductivity
Electrical conductivity of the as-alloyed samples is not measured in order to avoid additional heterogeneity effect, especially the effect of bi-phased structure. Electrical field (E) dependence of current density (J) of the 1000 0 C heat treated (A10) samples have been recorded by sweeping bias voltage within ± 200 V. The J-E curves ( Fig. 12 (a) ) showed nonlinear behaviour and break down voltage of the samples appears to be high. Such materials could be useful in high power devices [39] . The non-linear I-V feature is clarified in the inset [ [40] [41] showed that the reorganization energy of the electrons or holes is independent of the electron-spin coupling in α-M 2 O 3 structure. On the other hand, the calculations by Lebreau et al. [42] suggested that magnetic moments on surrounding atoms, especially the first nearest 
Conclusions
We studied structure, magnetic properties, and electrical conductivity in Cr doped - [43] Y. Wang, K. Lopata, S.A. Chambers, N. Govind, and P.V. Sushko, J. Phys. Chem. C 117, 25504 (2013,)..
[44] Zs.Rak and D. W.Brenner, J. Appl. Phys. 123, 155105 (2018). 
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